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Résumé : 
La télédétection satellitaire est en mesure de fournir des informations globales sur les calottes 
polaires et d'en effectuer un suivi régulier dans 1'7 temps. Pour être facilement interprétées , afin d'en 
déduire les caractéristiques du manteau neigeux observé depuis l'espace (taille, forme de grains, rugosi té 
de surface ... ), les données satellitaires doivent ê~e validées et inversées à l'aide de paramétrisations 
simples. Il est alors indispensable de définir des paramètres robustes et simples de la taille \'t de la forme 
des grains de neige à partir de leur observation. Un mbyen d'observation et de mesure est le traitement , 
d'images qui a permis d'établir ces relations et qui' a permis un traitement automatique d'un grand 
nombre de données indépendamment de l'observate~r. 
Un autre problème glaciologique, est l'interprétation des données issues de l'analyse des gaz 
piégés dans les bulles d'air. Cette étude implique, en particulier, la datation de la glace dans le névé lors 
de la fermeture des pores, indispensable pour déterminer dans la glace profonde l'âge du gaz par rapport 
à la glace qui l'emprisonne. En effet la datation des gaz contenus dans les bulles des carottes de glace 
s'effectue à partir de l'âge de la glace, et par conséquent, elle nécessite la connaissance de la différence 
d'âge entre les gaz et la glace lors de la fermeture des pores . Ces datations nécessitent l'utilisation des 
modèles de densification, de fermeture des pores, et de diffusion des gaz dans le névé. Les carottages 
réalisés dans les régions centrales de l'Antarctique et du Groenland pennettent d'obtenir des données 
expérimentales essentielles pour caractériser le névé polaire. Le traitement automatique des images 
issues de ces données a fourni les paramètres de structure introduits dans ces modèles. 
Un autre aspect étudié au Laboratoire de Glaciologie est l'augmentation de la taille moyenne des 
cristaux de glace avec la profondeur ou l'âge de la glace. Les analyses des lames minces de glace 
permettant de dételminer ces lois de grossissement des grains ont été réalisées jusqu 'à présent 
manuellement. Le traitement automatique d'images 2D a pelmis d' analyser les lois de grossissement des 
grains sur d'autres sites et a permis d'étudier les microstructures en terme d'évolution des distributions 
de taille et en tenne d'évolution de la topologie des gra ins. 
Abstract 
From satellite remote sensing, global and repetiti ve measurements of the ice sheets are available. 
Inversion tools are necessary to get the snow mantle characteIistics (snow grain size, density, ... ) 
from those measurements. For modelling and for compaIison with in situ data, size and shape 
parameters must be clearly defined. Digital image analysis is an adequate tool for providing 
objective (independent of operator) measurements of the snow characteIistics. New methods are 
developed and applied to a large number of data from Antarctica mainly. 
Another field of research is the study of the ice core gaz content to get the past atmospheIic 
composition. The snow mantle near the surface is porous and therefore there is a difference 
between the ages of the gaz and of the ice. Snow densification and diffusion models are then used 
to quantify those processes. The analysis of 2D digital images of Antarctic firn and ice at 
different depths provided the necessary parameters to validate the models. 
A third application of digital image analysis was the study of the grain growth in the deep ice. 
This growth depends on the temperature and the age of the ice. Grain size measurements from 
thin ice sarnples are necessary to validate the models . So far those measurements were done 
manually. New automatic tools were developed which give new insights to this field of study. 
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Chapitre IV : Traitement des images de neige 
Snow grain size measurements in Antarctica 
Michel Gay, Michel Fi/y, and Christophe Gentholl 
Laboratoire de Glaciologie et Géophysique de l'Environnement, CNRS, B? 96, F-38402 
Saint Martin d'Hères, France, Fax 33 4768242 al, e.mailfily@glaciog.ujf-grelloblefr 
The knowledge of the snow surface characteristics at the surface of the ice sheets is important 
because: 
- the snow mantle is the interface between the atmosphere and the underlying ice, controlling 
the exchange of energy and mass. 
- the albedo of snow depends on the snow grain size and the snow roughness (sastrugi). 
, the snow is the initial stage of the densification and trapping of air in the firn and the ice. 
One of the major characteristics in the first 10 m of snow is the snow grain geometry: size 
and shape. Unfortunately these characteristics are difficult to define and to measure and 
differenl aulhors use different parameters and techniques. Our goal is to propose an objective 
melhod, i.e. independent of lhe experimentor, to define lhe snow characteri st ics so thal 
measurements made at different places or times by differenl people can be compared. 
The technique is based on the analysis of digital images of snow grains collected on the field. 
Two different techniques were used to acquire the digital images of snow grains: 
- The snow samples are collected in s itu in small flasks of isooctane to prevent 
melamorphism. The samples are then kept frozen and broughl back to LGGE where digital 
images are taken in a cold laboratory 
- Macropholographies of snow grains are taken in situ and lhen digilized al Grenoble. 
To avoid biases due lO grain clustering, the chosen size parameter is based on the shape of lhe 
grain boundaries. The main steps of the image analysis are : image segmentation to get a 
binary image, determination of a distance map From the contour of eaeh grain or cluster, the 
skeleton is then defined From the distance map ridges, and fnall y the size is the mean of ail 
the convex radii associated to the end points of the skeleton . To be stati stically representative 
of a snow sam pie lhe sizes of about 50 grains must be analyzed . 
More than 200 snow samples were collected during the last years in Antarclica at different 
locations and depths by British, French, German, llalian, Norwegian and Spanish teams. Ali 
the images (àbout la 000) were analysed with the sa me processing tools and therefore the 
results can be inter-compared .. The results obtained From the 42 siles in Antarctica tend to 
show that the surface (0 to 0.5 m) grain size variation is small, of the order of 100 - 200 j.Lm. 
Al Vostok and Dôme C more varialions occur below 1 m and a s igni fi can t difference is found 
between those 2 sites 
The data base which has been initiated will be increased in order to get a map of grain size 
variations on lhe Anlarclic ice sheel. This will help underslanding the snow melamorphism in 
Anlarelica in relalion with climalic paramelers. 
This sludy was Illainl y conducled under the EC projecl Polar Snow (Conlrae l ENV4-CT95-
0076) 
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Unpubli shed data: a paper is be ing prepared with ail these resulls 
Table 1: Location and date oF sampling sites 
aw: sampi es From AlFred Wegener Institute. Germany 
be: samples taken by A. Hubert during his expedition (on skis) through Antarctica 
it: samples From ENEA. Ital y 
np: samples From Norwegian Polar Institute 
ta: samples From LGGE. France 
Fig 1 and 2: Mean convex radius (Size) oF snow grains versus depth at ail the si tes. The scale 
(not the range) is the same For ail the sites. 
Fig 3: Map with sampling sites locati on 
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Name Latitude Longitude Altitude Date 
awl 71.46 S 9.94 W 13/02/97 
aw2 74.86 S 2.55 W 2831 m 13/0 l/97 
aw3 75.00 S OOIE 2892 m 1 6/0 l/97 
aw4 75.75 S 3.28 E 2971 m 22/0l/97 
1 
aw5 75 .93 S 7.21 E 3 156 m 28/0 l/97 
aw6 74.40 S 7.22 E 3179 m 24/0l/97 
aw7 75.00 S 8.01 E 3246 m 26/0l/97 
bel 72.98 S 23.40 E 6/12/97 
be2 74.41 S 22.90 E 12/12/97 
be3 76.46 S 24.18 E 15/12/97 
be4 78.95 S 26.66 E 17Il2/97 
be5 80.37 S 27.50 E 19/12/97 
be6 81.29 S 30.26 E 20/12/97 
be7 82.36 S 29.7 1 E 24/12/97 
be8 84.19 S 28. 18 E 26/12/97 
be9 86.53 S 33.29 E 29/12/97 
belO 88.32 S 23.04 E 3l/12/97 
bell 86.68 S 177.77E 1 % l/98 
itl 74.82 S 160.66 E 1350m 08/1l/96 TNB-Talos 
it2 74.64 S 157.50 E 1834 m 09/1l/96 TNB-Talos 
it3 74.03 S 155.96 E IO/Il/96 TNB-Talos 
it4 73.37 S 157.67 E 2420 m 1 1/1 l/96 TNB-Talos 
it5 72.80 S 159. 10 E 23/1 l/96 TNB-Talos 
it6 72.37 S 15875 E 25/1l/96 TNB-Talos 
npl 71.90 S 3.08 E 1420 m 01/97 QML 
np2 72.13S 3. 18 E 2044 m 01/97 QML 
np3 72.25S 2.88 E 2400 m 05/02/97 QML-C 
np4 74.05 S 9.50 E 3268 m 31/01/97 QML 
np5 74.35 S Il.IOE 3341 m 30/01/97 QML 
np6 74.65 S 12.78 E 3406 m 29/01/97 
np7 75 .00 S 15.00 E 3453 m 25-28/01/97 
ta 1 68.06 S 137.72 E 22/11/95 DDU-DC 
ta2 68.55 S 137.07E 22/11/95 DDU-DC 
ta3 68.97 S 136.47 E 23/11/95 DDU-DC 
ta4 70.03 S 134.82 E 25/1 1/95 DDU-DC 
ta5 71.99 S 131.1 8 E 27/11/95 DDU-DC 
ta6 72.77 S 129.46 E 28/1 1/95 DDU-DC 
ta7 73.59 S 127.48 E 29/11/95 DDU-DC 
ta8 74.36 S 125.46 E 30/1 1/95 DDU-DC 
ta9 • 75.1 S 123. E 12/95 20 km around OC 
DomC 75.16 S 123.23E 3230 m 01107 3m profile 
Vost 78.47 S 106.8 E 3488 m 12/97 Vostok: 2 m profi le 
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!""#$#%!%&! "#$%&'()*+),%-)*.)/0"/1222
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&'()!*+',-./*0!)1.2'(-!*0)!*3(4101,)!&0!/3,,5*'-.3()!/'*/1*50)!6!&.775,0(-0)!8,373(&01,)!6!8',-.,!&0)!.9'40)
&0!)-,1/-1,0!&0!*'!(0.40:!;31)!93(-,3()!<10!*'!)-,1/-1,0!&0!*'!(0.40!0)-!73,-090(-!'(.)3-,380!8,5)!&0!*'
)1,7'/0=! 0(! 0770-! *'! *3(4101,! &0! /3,,5*'-.3(! 20,-./'*0! 0)-! 8*1)! 7'.>*0! <10! *'! *3(4101,! &0! /3,,5*'-.3(
?3,.@3(-'*0:!A0--0!'(.)3-,38.0!&0!)-,1/-1,0!&02,'!0-,0!8,.)0!0(!/398-0!!*3,)<1+3(!93&5*.)0!*+59.)).2.-5!&1
9'(-0'1!(0.401B:
1 The SRTM is a mi ssion to map the carth with an imerferornemc SAR 
ftown aboard the space shutlk. 
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MiCrOWave Remote Sensing of Snow from a 
Cable Car al Chamonix in the French Alps 
1.- Sherjal, M. Fily, O. Grosjean, J. Lernorton, 
, B. Lesaffre, Y. Page, and M_ Gay 
, ,JO 
, 
! 
Abstraci-Brightness tempe ratures were measured on a detp and cold 
snow cover by the radiometer PORTOS from CNES a t five rrequencies 
(5.05-90 GHz), Iwo poLarizations, and incidence angles rrom nadir 10 650 _ 
Simultaneously, the snow characleristics were measured in a 5-m pit Tbe 
data should serve for emission model validation_ 
L INTRODUCTION 
Only rcrnote sensing can provide global coverage of the large 
snow-covered arcas, such as the polar ice sheelS. Microwave data 
offer several advantagcs for remote sensing: they are aimost inde-
pendent of atmosphenc conditions and provide information that is 
integrated over a snow depth extending from the surface down te a 
deplh of a few meters. depending on the frequency [1)- [4]. A c1ear 
understanding of snow-microwave interactions and the possibi lity 
of modeling these interactions are necessary for the in terpretation 
of satellite data. To validate models of microwave emission, it is 
important [Q collect radiometric and ground data simultaneously. 
This was !.he main objective of the fie ld experiment camed out at 
Chamonix in the French Alps_ The site was located in the Vallée 
Blanche near the Mont-Blanc al 3400-m elevation. This site was 
chosen 1) because !.he snow cover was thick and cold and. therefore. 
simi lar to polar fim and 2) because a cable car was available to carry 
the sensor over the site. The sensor could be tilted to measure ground 
ernission at different angles as weil as sky emission. The cable car 
was moved 50 that !.he site could be surveyed from different angles. 
The height of the cable car above the sile was about 100 m. The size 
of the footpnnts (- 20 dB beamwidth) ranged between 54 x 54 m at 
nadir to 190 X 450 m at 65° . The objective of this paper is to provide 
a sufficiently complete description of the data (radiometric and ground 
measurements) for use in the validation of eITÙssion models. 
IL RADIOMETRle M EASUREME..'iTS 
A. The PORTOS Radiometer 
The rad iometric data were oblained by using the PORTOS mi-
crowave radiomcter from CNES. The influence of the large antenna 
beamwidth on the angular dependence of the brightness temperature 
was evaluated; for the frequencies of 10.65. 23.80, 36.50. and 90.00 
GHz. the main beam efficiency is close to 100% and the antenna-
panem effect was found to be negligible. At the frequency of 5.05 
GHz. the main beam efficiency is lower. 80%. but the bnghtness 
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Fig. 1. Snow brighUless temperacures measured by the PORTOS rad iqmeter against the local incidence angle. The results are given for boUt da)'s. (~; 
and 15 January) and for the two different viewing schemes (backward or forward) . At 10.65 GHz a single set Îs given (1 5 January. backward v~('s 
and at 5.05 GHz one set is omined (13 January. forward view). The upper curves (black dots) are for the vertical polarization and the lower CU 
(open circles) for the horizontal polarizalÎon. 
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temperatures measured on snow are no t greatly affected bccause th 
sky emission observed by the s idelobes is very low. 
B. Data Calibration 
For calibration [51, measurements were carried out twice a day 
on cold and hot sources placed under the radiometer antennas in the 
Aiguille du Midi station. The cold source was made of an absorber 
dipped in liquid nitrogen. The hot sou rce was an absorber w ith 
pyramidal shapes. Its tem perature coti Id be lUned between the ambient 
temperature and 50°C. A linear fit was found between the measured 
and reference brightoess tcmperatures . The ca li bration coeflicients 
are the line parameters based o n nitrogen and hot sources data. ~~ 
accuracy o f the calibrati on was checked by making measureme~~OR 
sky emission during the ex periment and by mcasuring the ellu ss the:' 
over the sea ( in a separate experiment). The absol ute accuracy °11, ,'c Th re 3 1 PORTOS measurcments is estÎmated ta be about 5 K. e 3 ~ 
accuracy between different angles is estimated ta be about 2 10 
C. Resulrs Il 
. . sured OR The snow bnghtness te mperatures of the sIte were rTlea , ,11< 
. and a 
and 15 January 1994 at the five avai lab le frequencles .. 'ffertnt 
1 • . f 1 \ dl IwO po anzatlOns (H and V). Each day . (WO sets 0 -
~ ~ 
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-- - --~-.- - _. 
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_. 
--- _.-. _. 
-.- .. .. _. -. 
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260 TABLE Il 
g a. SNOW STRATIGRAPHY FOR 13 JANUARY 1994. H Is THE DEPrn AND Mv ls TIlE 
-a,_ ( DENsrn'. THE MEASURED DIAMEITR WAS EVALUATED /1' SfW..AI><O TIlE 
w 
MEAN CONVEX D IAMETER IN L. .. BORATORY FROM SNOW SAMPLES. 1 : :J 240 -
"§ 
-
+ FRESH SNOW; 2: a PARnCLES STILL R.EcoGNlZABl.E; 3: . SMALL 
w 
-
-
-
ROUNQED PARTICUS; 4: 0 FACETED CRYSTALS; 5: 1\ DEYrH HOARL; 6 : 0 a. 
-
E 220 • ,0-- - - 0. ___ • RO,~pED GRAINS; 7: CRUST; 8: V SURFACE HoAR,: 9: fi RlMED $NQW 2< 
-
00 ~~ --- -00 -- --- 13.Q1-94 w "'" Mv M~W'ed Mun Grain E 200 (kg/m') diameter oonvex 
~ 1 H (cm) (~) diamet.er 
type 
;jj inc. angle 50 deg. (~) 
180
0 10 20 30 40 50 60 70 80 90 100 0·2 X (250) 0.20 0.24 2/9 
Frequency (GHz) 2· 15 50 0.20 0.20 1/2 
Fig. 2. Spectral signatures at 50° incidence angle. Cireles are for the 13 15·28 220 
January and squares for the 15 January. Open symbols are for the horizontal 
0.30 0.22 2/3 
polarizanon and dark symbol for vertical polarization. 28 • 75 190 0.30 0.22 2/3 
75 - 107 220 O..2CVO.30 0.30 2/3 
: TABLE 1 
HORJZONTAL (Ix. Iy) AND VERTICAL (Iz) COR.R.EUnON LENGTHS OSTAINED BY 107 - 110 X 0.301 0.50 0.30 2/3/6 
PROCESSING THE DIGITAL IMAGES OF llIE SNOW STRucnJRE 
110 - 160 260 0.30 0.26 2 (3) 
Depth lx ly 1. 
(m) (=) (mm) (mm) 160 . 190 310 0.20 0.24 3 (4?) 1 
0.15 0 .092 
-
0.057 190 . 250 350 0.40 0.32 3 (41) 
0.28 0.104 
-
0.066 250 . 252 
~ 
X 0.40 0.36 6 
1.07 0 .122 0.070 0.042 252 - 300 4 10 0.20 0.28 3 
, 
2.5 0.Q95 0 .082 0.068 300 . 360 410 0.2Qf 0.30 0.28 3 
3.6 0. 107 0 .081 0.082 360 - 365 410 0.50 0.36 6 
3 .64 0.081 0.090 0.067 
365 - 410 390 0.301 0.40 0.28 3/6 
3.68 0.096 0 .093 0.092 
410-417 430 1.00 0.56 6/4 
,4.45 0. 148 0 .117 0. 124 
1 417·425 425 1.00 0.56 5/4 
425 . 435 450 1.00 0.44 6 
incidence angles (nadir to 65°) were acquired (they correspond to 
4·35 - 445 445 0.4/ 0.5 0.50 3/6 
two configurations of measuremenlS named backward and forward in 
Fig. 1). The two selS are very simi lar because the site was relatively 445 - 466 442 OAO 0.52 3/4 
homogeneous. Ali the resullS are presented in Fig. 1: ùle calibration 
466·493 440 0.42 0.42 X is as described earlier and the incidence angles have been corrected 
for the local topography. 493 - 521 440 0.52 0.52 X 
1) Sorne Remarks: Care must be taken for me incidence angles 
larger than 60Q because reflection occurred from surrounding slopes, 521 - 553 467 0.60 0.60 X 
due to the low emissivity and, therefore, the high-reftection coefficient 553·599 420 0.58 0.58 X 
of the snow at these large angles. At 65° forward view, the reflected 
contribution from surrounding slopes was estimated to be 17 K al 599 . 658 524 0.54 0.54 X 
Y~i~~ 
horizontal polarization and 7 K at vertical polarization. For backward 658 . 672 554 0.62 0.62 X 
views this effect is smaller. 
At 10 GHz, the calibration is not as reliable as for the other 672 . 673 900 X X X leu"'" 
frequencies and results are only given fo r the best case (15 January. 673·680 554 0.62 0.62 X 
backward view). At 90 GHz. there is sorne scatter on the January 
I3th backward view, artributed to the presence of haze at this time 680 . 681 900 X X X 
I~:;: between the radiometer and the ground. The fluctuations are similar 681· 554 0.62 0.62 X 
to the difference between the brightness temperature. emitted by a 
.n~~~ :~ clear sky and by an atmospheric layer, weakly cloudy (characterizcd The 5-GHz and the IO~GHz resu lts arc very similar: they are mainly 
:elali'.! 
by 0.2 g of water per m3 ) and lOO-m thick. which is the height of 
the cable car. influenced by the snow-ice interface al 6- ta 7-m depth. where ice 
Ito Z) Discussion: The 90-GHz brightness temperature depcnds only layers are found wÎth very large grains at a temperature very close {Q 
on the firsl layer of snow. which cou ld be considered as homogeneous O°C. The top 5 m of new fine grained snow are almost transparent 
when the 5-GHz penelfation depth Îs more than 5 m [6J. Thereforc. at thesc frequencies. 
on 1 more layers are secn by the radiometer. lcading to a larger polari zation The 23- and 36-GHz results are also very similar. Nole that the 
at tl d;rference [n [S) . emiss ivity is close to one al vertical polarization near the Brewster 
J;rferel 
t 
TABLE III 
SNOW STRAnGRAPHY FOR 15 JANUARY 1994 
WITH THE SAME NOTATION AS FOR TABLE Il 
15~01 ~94 Mv Mu""",, Mu" Grain 
(kg/m') dîameter mnvex type (mm) diameter 
H (cm) (~) 
o ~ 10 120 0~20 0.24 9 
1O~36 170 0.20 0.22 9 
36 ~ 37 X (250) 0~30 0~22 X 
37 ~ 50 200 0.30 0.24 2/3 
50 ~ 97 190 0.30 0.24 2/3 
angle. For an homogeneous layer and a density of 300 kg m -3, the 
rea1 part of the snow refractive index: is 1.54 [6] , and lhcrefore, the 
Brewster angle is 5 10 . 
Between the IWO days. the main difference appears al 90 GHz be-
cause, al thîs frequency, the brightness lemperature is ooly dependent 
on the surface characteristics (structure and temperature), which were 
modified due to a snaw raH of 40 cm of rimed snow in the meantime. 
Ta aJlow comparison with the Scanning Multichannel Microwave 
Radiometer (SMMR) data, the spectral signature at 50° incidence an-
gle is given in Fig. 2. The SMMR, which was onboard the Nimbus 7 
satellite, measured microwave radiation From Earth al five frequencies 
(6~6, 10.7, 18.0, 21.0, and 37.0 G Hz) and al the IWO polari zations 
(horizonlal and vertical) from 1978 10 1986. It appears that the 
spectral signature found al Chamonix is very uncommon in Antarctica 
[1], [2] and in Greenland [9]. A decrease of the brightness temperature 
between 6.6 and 18 GHz Îs usually found. In Antarctica, signatures 
simi lar to PORTOS data are measured in the Wilkes Land area, where 
small snow grains and large penetration depth are found [8J. 
III. GROUND MEASUREMENTS 
A . In Situ DaIa 
The penetration depth of microwaves depends on the frequency 
and the snow characteristics. For typical alpine snow, it is about 5 
m al 18 GHz and 1 m al 37 GHz [6J. Therefore, a 5~m deep pit 
was dug to detennine the snow characteristics (density, temperature, 
srratigraphy, grain type) and collect snow samples. This pit was dug 
on the first day of the experiment (13 January) about 200 m from the 
center of the footprint. A 7~m core was drilled close to the pi t in order 
io measure the snow temperature and Lhe density below 5 m. On the 
second day (15 January), oo ly a smal l I~m pit was dug because the 
deeper snow was assumed not to change over such a short period. 
Many measurements of the temperature in the first 50 c m were do~e 
on both days to monitor its variation during the experimenl. 
B. Snow Grain Size Q[ld Correlation ungth 
,. 
.' 
Two types of snow samples were co llected in situ and studied later 
in a co Id room in Grenoble. First. snow grains from each layer were 
·stored in small Hasks of cold isooctane to pre vent metamorphism 
[10). Digital images of 50 to 60 grains per sam pie were taken an 
processed to gel the mean convex radius of the gra ins . This can 
he considered as an objec!ive measuremenl of the snow grain size 
but does not give any infonnation on the snow SlIUcture because the 
grains are isolated. Second. eighl snow samples of about 8 cm x 8 x 
20 cm were eut in siru and stored in small boxes. Those samples were 
put in black-colored liquid phta lic acid al about -10 oC in a cold 
room in Chamonix and frozen at - 30 oC without any destructÎon of 
TABLE IV 
SNOW TEMPERATURE PROAU FOR Born DAYS: 13 
AND 15 JANUARY 1994. H Is niE SNOW DEPTH 
Hom T'C T 'C 
IJ.OI ·Sol 15-01·94 
0 ·9.? ~19.8 
5 ~10.3 ~18.1 
10 ·1 l.5 ~16.3 
20 ~12.2 ~12.8 
30 -12.1 ~ 11.2 
40 ~12. 1 ~ 11.2 
50 · 11.9 -11,4 
60 ·11.8 ·11.? 
70 ·11.? ·12.0 
BO ~1 1.5 -12.1 
90 ~11.3 ~12.2 
100 ~ 11.3 ~12.2 
120 -11.1 -11.5 
140 -11.0 ~ 11.3 
160 ~ 10~9 -11.1 
IBO -10.? -11.0 
200 ·10.6 -10.9 
220 -10.2 ·11.7 
240 ~ 10.1 ~ 10~6 
260 ~9~8 -10.2 
280 ·9.5 -10.1 
300 ~9~0 ~9.8 
340 -8.3 ·9.5 
380 ~ 7~5 -8.3 
420 -6.5 ~ 7~5 
400 ~5~6 -6.5 
500 ... ~8 ~5.6 
510 ... . 5 X 
540 X ~4.8 
550 X .... 5 
628 ·2,4 X 
670 ~ 1.8 -2,4 
710 X ·1.8 
the slructure [I I) . We. therefore, have images of Lhe honzont3:' and 
vertical sections of the snow samples. . 
The structu re îs descrihed by the correlation lengLh [ 12]. whi~h IS 
used in emiss ivity models. From the binary images that are obtalned 
by thresho lding the original images. the correlation lenglh were 
computed in th~ vertical and horizontal ~irec(i ons (Tab le [). 
C. Results 
o oC 31 On the first day, the snow temperatu re increased frorn - 1 
2 crust the surface to - 1.8 oC at 7 m. At the surface thcre was a -cm 
and 
l 
(250 kg 01 - 3 , 0.24-mm grain diamctcr) above a J3-c m soft layer (50 
kg rn- 3 , 0.24 mm). Theo the densily increased from 200 kg m- 3 to 
550 kg ru -3 with hard ice crusts al the bottom (6.7 ml. The grain 
diameter ranged from abou t 0.2 mm at the surface to about 0.6 mm al 
the bottom. On 14 January , there was a lot of wind and a snow fall. 
The upper crest and the soft layers disappeared, and on the second 
day, the surface layer (36 cm) densi ty was about 150 kg m- 3 and the 
grain diameter about 0.23 mm. The surface temperature was colder 
(-20 OC). On both days, the upper 5 m of snow were clean ncw 
snQw from the last winter (93- 94), with rclatively smaJl grains and 
without s trong stratification . 8 e low 5 m, ald snow was found with ice 
layers, large grains and many impurities. The 0 oC layer of the g lacier 
should be very close [Q the bottom of the core al around 100m depth. 
The snow characteri stics are given in Tables II- I V. A complete 
stratigraphy ~s given for 13 January, when the pit was dug, wilh 
the depth and the thickness of each layer, ilS dcns iry, the grain 
size evaluated in situ, and the mean convex diameter measured from 
samples and the type of snow (Table II) . For 15 January, on ly the 
upper layers are described (Table III). The layer between 50 and 97 
cm corresponds to the layer between 28 and 75 cm on I3 Jan uary 
because sorne layers were removed and new snow added on 14 
January. Below, ail the snow characteristics are similar for both days. 
The temperature profiles are given in a separate table because the 
temperature is measured al precise deplhs (Table IV). 
The spatial temperature variations as recorded by an infrared 
radiomeler onboard the cable car were around 1 oC within the 
footprint. The temporal variations of the sno\\' surface temperature 
were less than 2 oC during the radiome~c measurements on both 
days. 
The snow structure is very anisotropie near the surface, the vertical 
correlati on length being smaller than the horizontal correlation length 
(Table 1). The deepcr Ùle snow, the more isotropie is the snow 
structure. This anisotropie behavior of the snow structure should be 
talcen into account when modeling its ernissivity. 
IV. CONCLUSION 
A set of microwave brightness temperatures al differenl freque ncies 
and incidence angles were obtained on cold and d·eep snow along with 
simuItaneously detai led ground measuremenls. The snow cover can 
be considered as semi-infinÎle fo r the three highest frequencies (23.8, 
36.5, and 90 GHz) . It is a very-fi ne-grained snow mande without 
strong layering. T he increase of the brightness lemperature between 
5 and 23 GHz is in agreement with the resu lts of [8] who found, 
From SMMR data over Antarctica, Ùlat the spectral gradient between 
6 and 18 GHz was strongly correlated to the grain size. A negati ve 
gradient was found ror large grains and a grad ient close 10 zero for 
small grai ns. The decrease of the surface snow temperature between 
the two days is weil recorded by the vertical-po larization brightness 
temperatures al 90 GHz. 
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ABSTRACT. A new tech nique for characteriz ing the structure offirn and bubbly iee is 
prescnted. This technique, based on observat ion orctchcd (sublimation) surfaces in coax-
ial reflected lighl , enables one ta sec simultaneously the po re network orthe firn or bubbles 
in the iee and the crystal boundaries. At the same time, the main stages of image proccs-
sîng used to transform the initial photographs into clean binary images are described. 
INTRODUCTION 
Glaciological, physicochemical and mechanical sludics of 
snow, firn and iee incrcasingly rcquire structural character-
ization of the different porous media involved. Stereology 
and image analysis have helped studies of structure a nd 
morphology to evolve from descriptive and qualitative 
observations to more objective, quantitative and s)'stematic 
characteri zations. The difIiculty of obtaining numerous 
qua lit y data is illustrated in a recent report by Shabtaie 
a nd Bentley (1994) in which information obtained "manu-
ally" by Fuchs .(1959) is still used ta describe the structure of 
firn. To describe the structu ral change of this porous med-
ium with density, a large number of images must be 
obtained and must show the crystals, their bounda ries and 
the pore network. The majority of studies l-equiring struc-
turai a na lysis cannot be satisfied by a uniquely descriptive 
image of porosity morphologies; the contacts between crys-
tais must also be taken into account. Forexample, it is across 
thcsc contacts that the stresses are transmitted through the 
material, g rain g rowth is directly linked to the grain-bound-
ary area and most physical phenomena in polycrystals must 
take into account the effects of grain boundaries. 
The technique used by Fuchs (1959)and more recenlly by 
Ailey (1987, 1988), which requires an image taken in trans-
mitled light to characterize grain structure and another in 
renceted light to characterize pore structure, is dilTicult to 
implement. Using reeonst ructed images by Fuchs (1959) or 
Ailey (1987, 1988) and thin-seclion pholographs by Gow 
(1975, 1987) as a referencc, wc have dcvcloped a one-step 
photographie technique to observe the porc struc ture and 
grai n boundaries. This technique can be used quickly in 
the field, as it requires neither impregnat ion (except loI' 
vefy low-cohesion sam plcs) nor the preparation oflhin sec-
tions. Funhcrmore, the resu lting photograph reprcse nts the 
ac(ual two-dimensional structure of the section (stercolog ic 
analysis) and includcs a sufIi cient numbcr of grai ns ta bc 
statistically rcprescnlative of the studicd medium. 
[n g laciology, the most widcly uscd technique for obtain-
ing lwo-dilllcnsionai images îs bascd on the observation of 
thin sec tions in 1,loiTI polaril.cd transmitted lighl and 
12(; 
between crossed polarizers (Bader and others, 1939; Kinosi-
ta and Wakahama, 1959; Gow, 1969, 1975). Because of difTer-
ences in orientat ion, the iee cr ysla ls in the thin sections 
show different colours due to double refrac tion wh en placed 
between crossed polarizers. This observation tech nique ca n 
be used to charaeterize crystal size, orientation and shape. 
However, it does not a llow qua ntitatively accu rate visuali-
za tion of porcs and the image is not truly two-dimensional 
information on the media. The image obtained in trans-
mitted light is built up from info rmat ion taken ac ross the 
whole thickness of the section. This is a major problem, if 
the stc reological results are to be used to ass ig n parameters 
ta the material st ructu re for modelling (Underwood, 1970; 
Kry, 1975; Coster and Chermant, 1989). Most models assume 
tha t the initial image is purely lwo-dimensional and that il 
cornes from a random section of the medium under investi-
ga tion. AIso, this technique, simple a nd quick to use for ice, 
becomes more difficult to use for snow and Cirn. In the case 
oflow-cohesion snow, it is necessary to strengthen the st ruc-
(Ure by filling the pores with a supercooled liquid and freez-
ing it at a low temperature before thinning down the seclion 
(Kinosita and Wakahama, 1959; Gow, 1969; Narila, 1969, 
1971; Ailey, 1980; Perla 1982; Good, 1983). Aparl from the 
problem that Impregnation can change the structure of the 
medium and that the material used may not sprcad uni-
forlllly through the pores (Perla, 1982), the technique is long 
and complicated. Even so, Impregnat ion is the only techni-
que that can be used to analyse the structure oflow-densilY 
samplcs (less than 0.4- 0.5 Mg m- 3). But this technique can-
not he used with sa mples without cohesion between grains 
(or aggregates of grains). So, for these samples (dens ity 
lo\ver than ....... 0.2 Mg m -3), the whole structu re cannot be di-
rectly analyscd. The most interesting \Vay to study the upper 
part of the snow cover is to colleet grai ns (or aggrcgatcs of 
grains), ta store (hem in liquid iso-oc tane 10 stop ail nleta-
morphism and to analyse the shape and size ofgl'ains by 01'-
tica llllÎcroscopy (Brun and Pahaul, 1991 ). 
AnOlher technique orten used is observal io n in annular 
rcncClcd light (Kry, 1975; Perla, 1982; Good, 1983j. This 
Ill<:t hod is lI sed on impregnatcd samplcs and a llows visuali-
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zation of the porc structure. The contrast between ice and 
porcs is improved by dyeing the iee or [he impregnaling li-
quids. The image obtained represents the t ruly two-d imen-
sional surface and shows the ice and pore phases but not the 
grain boundaries. 
To summarize, if we wished to obtain ail the inform a-
tion, two techniques would have to be used: thin-section 
observations in transmitted light only for grain boundaries 
and impregnated thick-sect-Ï-en--ebservations in annula r 
reOected light for void shapes. 
Sorne authors (Ailey, 1987, 1988; Fuchs, 1959; Narita and 
others, 1978) have used both ofthese techniques successively 
on the same sam pie and then superimposed the two images. 
In this way, they have been able to obtain ail of the informa-
tion on the g rains and pore structures. The use of both tech-
niques is more comprehensive but also more diilicult to 
implement. The use of annular light necessitates the use of 
impregnated samples, leading to the problems mentioned 
above. In fact, due to the high energy at the grain bou ndary, 
it is possible to cnhance the contrast of these boundar ies by 
"etching" the ice surface by d issolving or subliming the sur-
face (Gow, 1987). 
A method of preparing elched-section images of ice 
(from close-off density to 0.9 Mg m -') has reccmly been des-
cribed by Nashida (1996). This method is based on obser-
vat ions in renected light ofice surfaces rubbed with alcohol. 
The sa me idea of preferential etching of the crysta l 
bounda rics was used to develop our technicques. By etchi ng 
only using sublimation, we a re not obliged to attack d irectly 
the sam pie surface either chemically or mechanically. More-
over, our soft etching enables us ta work with a low-density 
sample offirn (up ta 0.5 M g m- 3). Contrast is also obtained 
by observing the ctched su rface by us ing the coax ial epi-
scopy technique instead of annulaI' ligh t. 
To extract the structura l parameters from the primary 
pictures) specifie image-proccssing tao1s were developed. 
This last stage of the charactcrization of the st ructure en-
ables us to obta in binary images. Utilizing these binary 
images, many st ructural pa rameters can be calculated to 
provide data for different studies: modelling of firn densifi-
cation (Arnaud and others, 1998) and pore closure, grain 
g rowth and interactions with dens ification processes, and 
the evolution of structural paramcters with climatic condi-
tions. 
COAXIAL EPISCOPY 
The coaxia l episcopy technique has long been used in me-
tallurgy. The technique uses renected light to observe relief 
on flat, renecling surfaces. The samples are polished a nd 
then generally subjected to chemical etching to highlight 
the differences in composi tion, phase a nd orientation of the f 
crystals. The differcn~es in contrast are caused by d iffer;-::' 
ences in the amou nt of reflected light received by the Jens. 
These differences a re related either to d ifferent levels oflight 
absorption or, as in our case, ta the difTerent orientations of· 
thc iIIuminated surfaces (Fig. 1). 
Using this principlc) wc eut sections of about 1 cm in 
thickness from the firn cores. Thesc sections are then carc-
fu lly po lished using a m icrotome. The samples were at-
rachcd lO g lass si ides fo r microtaming with very li ttle wate r 
displayed on the si ides. Th is stage ca nnol mod ify the st ruc-
ture of the samplc surface, bccausc we wo rk with thick 
Bright area 
c 
... 
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Fig. J. Diagram describing the origin qf contrasl due to dijJer-
ences in surface orientation. 
samples and there is not sufficient water to percolatc 
through the pores to the surface. 
At this stage, the jce and pores can be clearly observed in 
renected light usi ng a Leica M Z8 binocular microscope 
fi tted with coaxial episcopic 1 ight (Fig. 2). The observed C011-
trast is caused by differences in refl ect ion betwee n the "po-
lished" fl at areas (ice) and the concave areas (pores). The 
pa rallel st raight li nes are left by the blade of the microtome. 
The large number of these striations is not specifie ta our 
blade, but it is due to the sensitivity of our observation 
technique (coaxial episcopy) which enhances relief of the 
surface. 
) 
Unlike the annular light technique, the coaxial episcopy 
, 1 rIull 1 
Fig. 2. Black and white !J/LOtograph qf a tILick section using 
coaxial efliscopy beJore sublimation ( Km 105). 
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Figure 3. Structural ,volution offirn as aJunetion of densityat Km J05. (a) Depth: 9 m and relative density: 0.62 Mg m -3; (b) 
D,pth: 20 m and relative density: 0.66 Mg m-3; (e) Depth: 61 m and relative density: 0.89 Mg m -3; (d) Depth: 95 m and 
relativ, density: 0.97 Mg m-3 
a b 
Fig. 4. Colour photographs of a subLimed ice tlzin secLion (Km 105) using (a) coaxial episcolry; (b) transmitted light betwun 
crossed polarizers. 
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technique does not require the sample to be imprcgnated. 
The densiLy must be higher than 0.4 Mg m - 3 Below (his 
limit, the grai ns are pulled out during sample mierotoming. 
This limit is much Jess critical (han that for transmitted-
light techniques which require thinning of the sections to a 
thickness in the order of only a few grains. 
The main limitation of the coaxial episcopy technique is 
the small observation area. The maximum area is linked ta 
the area of uniform light, which is 10 x 7 mm2. l à compen-
sate for this problem, we have taken several adjacent photo-
graphs la build a sufficiently large observational area 
(40 x 40 mm2 or more). This area contains a sufficient num-
Fig. 5. Firn slructures of three different sites (Km 105. Km 
200 and Vostok) al a relative densiry about 0.73 A1g m - 3. 
(a) Km 105; d,pth:28m; (h) Km 200; d'Plh:]1 m; (c) 
flos/ok (Eh7): 45 m. 
/ 
, 
, 
, 
ber of grains lO be statistically represe lltative of the studied 
medium. 
SAMPLE SUBLIMATION 
In a similar way ta surface ctching in mtta llurgy, the subli-
mation of sections ofice or firn allows one to examine grain 
boundarics (Gow, 1975, 1987; Nishida and Narita, 1996). The 
sublimation lakes place preferentially ontFiël1ighly disor-
dered zones of the polycrystaL The grain boundaries will 
appear as grooves. As shown in Figure 3, the groovcs appear 
as black lines in coaxial episcopy (the contrast is of the same 
origin as for the pores). By adjusling the pressure and temp-
erature conditions during sublimation, the grain bound-
aries can be made to appcar without a ltering the pore data 
(s ize and shape). 
The optimal sublimation conditions are dimcult to forc-
see and tuning is required before each new set of measure-
ments. For example, the photographs presented in (his 
paper were obtained in the field after sublim ation ofsamples 
placcd in a plastic shcath at a temperature T = - 12°C and 
atmospheric pressure (635 mbar for Vostok Station ) for 
12 hours. Better control orthe surface-sublimation phenom-
ena would g reatly improve our method but this wi ll requi re 
a bettcr understanding of the phcnomena. Our objective is 
ta be able to calcula te sublimation time as a function ofpres-
sure a nd tcmpcralure, 50 that grain boundaries can be 
etched without alteri ng the size and the shape of the ice 
phase. 
) 
5mm 
Fig. 6. Image reconstrucled jrom nine adjacent photographs 
( Km 105), constituting the hasic data for image processing 
(initial mosaic). 
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Firn is the best medium for this o.bservaliona l technique; 
no impregnatio n is requi red, work is carried out on th ick . 
sections a nd the po res and crysta ls a re obser ved wit h one 
camera shot. For icc analysis, this technique saves time by 
working with thick sections polished only o n one face and 
provides an image of the truly two-dimcnsional surface. 
It is also possible to use this technique using thin sec-
tions. A lest was therefore conducted to compare the image 
obtained with our technique to that obtained by the c1assic 
transmi tted-light technique (Fig. 4-a and b), thereby check-
ing that sublimation does not alter the information concern-
ing the size and shape of grains. 
Exarrlples of sublirrled sarrlples observed by coaxial 
episcopy 
This technique has actua ll y been tested in the laboratory 
and in the field , on non-impregnated samples of firn and 
ice, over a range of densities from 0.5 lo 0.91 Mg m - 3. A set 
of measurcments was made at Vostok (East Antarctica) 
during the winter of 1995- 96. Il was poss ible ta record, in 
the field, images of sampi es during drilling of a 250 m drill-
core (Bh 7) and also from two other cores stored at Vostok 
but originating from the l\1i rny- YoslOk traverse a t points 
located 105 and 200 km from Mirny. 
In 1 mon th, wc were able ta use our technique on 40 
levels of the Vostok core (Bh7) betwcen 7 and 250 m 
(bctwecn 0.5 and 0.91 Mg m -'l, on 17 levels of the Km 105 
a 
c 
core be tween 5 a nd 100 m a nd on 17 lcvels of the Km 200 
core over the same depth range. 
As examples, the structu ral evolution of firn as a func-
tian of density (or depth ) at Km 105 is given in Figure 3 
and lirn images from the three studied sites (Vostok, Km 
105 and Km 200) are compared at the sa me density in Fig-
ure 5. The photog raphs in both Figures 3 and 5 represent 
( 
ord y half the size of one negative area. . 
'By using many adjacent images (nine-25 pfietographs 
per level), a suiliciently ~arge i~age .is obtained for each of 
the éienslty levels (e.g. Fig. 6).1 hese Images a l'c statistically 
repr~sentative of our two-dimensional medium, providing 
tlle basic data required for the systcmatic analysis of the 
evolution offirn by image processing. In this study, we have 
Lhosen ta emphasize the rcal quality of untreated photo-
graphs beforc ail numerical treatment, but we should a lso 
like (0 describc briefly the main stages of image-processing 
used to obtain clcan bina ry images. 
IMAGE PROCESSING 
The initial ncgatives obtained at Vostok were digitized with 
a video camera and transferred to a personal computer (Fig. 
7a ). Then, the gray-lcvel images were cleaned and con-
verted ioto a binary image using tools dC\'eloped on the 
IPS (Image Processing System ) o n the Linux system. 
As a first stage, the image-processing a llows removal of 
the straight lines left by the blade of the microtome, lincs 
Fig. 7. A1ain stages of image pracessingfrom the initial gray-level image lo the final cleaned binary image. (a) Initial masaic 
digitalÙ:.edfrom six a(!jacml llegaLives; (b) Fast FourlerTranifonnatioll of initial mosaic (a); (c) Filtered image ob/nil/ed wiLh 
an adapter lowfilleroll the Fast Fourier Transform <if the gray-level image (b); (d) Final binary image. 
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duc ta the mosaic reconstructions and ail the small surface 
imperfections due LO sublimat ion. Figure 7 shows the main 
stages ofimage-processing. Ta remove the straight li nes (Fig. 
7a), an adapter low filter on the Fast FourierTransform of 
the gray-level image (Fig. 7b) is used to obtain the filtered 
image (Fig. 7c). From these filtered gray-Ievcl images, two 
stages based on morphological operations are necessary to 
obtain the final binary images: one for the porosities and 
the other one for the crystals. Concerning the treatment of 
the porosity and the crasure of small surface imperfections 
due to sublimation, morphological operations (Euclidean 
erosion and geodesic dilation) are useçl. These operations 
enable us to obtain a binary image composed with two 
phases: po rosit y and ice. The second stage consists of mor-
phological transformations of the gray-Ievel image (Fig. 
7c). First, the morphological "top-hatl> transformation 
(Coster and Chermant, 1989) enables ta extraCl g rain 
boundaries. Secondly. from the last ~mage of grain bound-
aries, a skeleton transformation reduces the width of the 
boundary to one pixel. This im age of the skeleton of grain 
boundaries is added to the binary image of the po rosit y 
and ice to obtain the final clean binary im ages (Fig. 7d). 
Image-processing also provides the var ious and numer-
ous structural parameters usefu l for modelling. These 
images are presently analysed with two objectives: the char-
acterization ofstructural changes (s ize and shape of cr ystal s 
and porosi ties network) as a function of density and the in-
fluence of climatic conditions on these changes (average 
annual temperature and accumulation). As an example of 
an analysed parameter, Figure 8 shows the evolution of the 
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crystal-sizc distr ibutions in the Vostok firn a nd ice d11ring 
the densification and grain-growth processes. 
CONCLUSION 
The structural analysis offirn and bubbly ice requires char-
acterization ofice crystal s, pore network and interfaces. The 
proposed method consists of subliming polished samplcs in 
order to reveal the grain boundaries. before observing them 
by coaxial episcopy. Observation in coaxial reflcction shows 
relief differences on our sample surfaces, which makes it pos-
sible to see the pores and grain boundaries "etched" by sub-
limation. This procedure simultaneously gives images of the 
crystal (grain boundaries) and of the porous nctwork that 
a re truly representative of a two-dimcnsional section of the 
firn. In addition, this technique requires neither impregna-
tion nor thin sections, so it is casy to use in the field and in-
troduces no measurement bias. Another advantage is the 
short time required ta obtai n a structural image for a given 
density, making it possible to collect successive images 
throughout a progressively thinning section (serial-scction-
ing technique). The study ofthese im ages ... "ou ld give a real 
three-dimensional structure of firn pores a nd the real size 
and shape of ice crystals. This work was initiated to obtain 
images of the structure of firn a nd icc, in order lo ex tract 
pararnctcrs required by our var ious models (densifica tion, 
pore closure and diffusion of atmospheric gases in the firn 
porcs). In addit ion to the issues concerning firn densifica-
tion and the observation of pores a nd grains, this technique 
could be applied to the characterization ofice cracks. 
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F(It. 8. Evolutioll qf lhe distributions qf lite reLalive crystal .rize du ring crystal growlh and densification at Vostok with R: crystal 
equivaLent radius (7r R'1 Ü the lwo-dimensionaL clystal area). 
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Modelling of the densification of polar firn: 
characterization of the (sn~W-firn transition 
L. ARNAUD,! V. LIPENKOV,' J. M . BARNOLA,! M. GAY,' P. DUVAL' 
lLaboratoire de Glaciologie et de Géophysique de l'Enuironnem~~t~ 38402 Saint-Martin-d'Hères Cedex~ France 
2 Arctic and Anlarctic Research Institute, St. Petersburg 199397, Russia 
ABSTRACT. The transformation of dry snow to firn is descr ibed by the transition 
between densification by deform ationless restack ing and densification by power-law 
creep. The obscrved decrease with temperature of the density at the snow- firn transition 
seems to result from the competition between g ra in-boundary sliding and powe r-Iaw 
crcep. These tWQ densification processess occur concurrently in snow, although there a re 
probably micro-regions in which sliding a lc ne occurs. Validation of a geometrical densifi-
cation modcl developed for ceramics has been obtained from densification data from 
several Antarctic and Greenland sites and from the characterization of the structure of 
polar firn . 
INTRODUCTION 
The formation of ice in polar ice sheets resul ts from densifi-
cation processes of dry snow and firn. Three stages of densi-
fication are gcnerally considered. During the first stage, the 
densification of snow is mainly a structural re-arrangement 
of g rains by grain-boundary sliding. Sintcring is driven by 
the tempe rature gradient in the first few meters and by sur-
face tension. Transport mechanisms such as evaparation-
condensation a nd surface diffusion contribute to rounding 
the grains and interg ranular bonding (Anderson and Ben-
son, 1963; Gow, 1975). From Anderson and Benson (1963), the 
re-arrangement of unbounded g rains dominates the dens ifi-
cation of highly porous snaw. The critical density of 
~0.55 Mg m - 3 (relative density ~0.6) would represent the 
;mit beyond which grain packing is not preponderant. The 
depth at which this cri tical density is reached increases as 
temperature decreases (Anderson a nd Benson, 1963 ; Gow, 
1975; Herron and Langway, 1980). It is about 30 m at Vostok 
Station (Antarctica) at -57°C and about 12 m at Site 2 
(Greenland) a t -23.3°0 (Herran and Langway, 1980). The 
efTect of the accumulation rate must be also considered 
(Herran and Langway, 1980; Nishimura and others, 1983). 
The second stage is firo (consolidated snow). Since the 
seasonal variations of surface temperature disappear belaw 
10 m, the densification of firn can be considered as iso-
thermaL The end of this stage is characterized by the 
g rowth of the impermeable pore-space fraction vs depth 
under the increas ing overburden pressure. The average 
number of bonds per grain (coord ination number) 
increases with density and neck growth is achieved by creep 
(Ailey and Bentley, 1988). 
During the fin al stage, the a tmospheric air is trapped in 
the formation of cylindrical and spherical porcs, and further 
densification of bubbly ice is driven by the pressure lag 
between the ice matrix and the ai r in bubbles (A iley and 
Bentley, 1988; Salamatin and olhers, 1997). 
The potcntial sign ificancc of densily prordes for glacio-
logical studies has been d iscussed by Lipenkov and others 
(1997). For example, during the firn- ice transition, the a ir 
inside the pores becomes progressively isolated from the 
atmosphere prevailing at the surface of the ice sheet. The 
air content in ice is directly related to the porosity, temper-
ature and pressu re at the time corresponding ta this trans-
ition. As atmospheric pressure and al titude a re linked by the 
hydrostatic equation, a ir content depends on the surface c1e-
varion of the ice sheet (Martinerie and o thers, 1994). An-
other application of the study of the transformation of 
snow to ice is the dating of gas with respect to the ice. The 
age of the airenc10sed in ice is ofcentral interest ta the study 
of trace gases- clîmate rclat ionship (R aynaud and others, 
1993). ft is younger than the age of the ice itse!f, since the 
air is trapped weil below the su rface. Dating the air with 
respect to the ice implies knowing where the pore closure 
occurs in the firn. 
Based on the analogy between the hot-isostatic pressing 
of engineering mate rials, pressing-sintering mecha nism 
maps were constructed for snow a nd polar firo (Maeno 
and Ebinuma, 1983; Ebinuma and M aeno, 1987; ' ''' ilkinson, 
1988). Calculations have been donc on the basis of the Wilk-
inson and Ashby (1975) model, which contains question able 
assumptions. The number of contacts pec pa rticle ( the coor-
dination number Z) is assumed constant and the pore is 
assumed to be rounded (Swinke!s and o thers, 1983). A geo-
metrical mode! was deve!oped by Arzt (1982) and Fischme-
ister a nd Arzt (1983), and appl ied ta the densification offirn 
by Arzt a nd others (1983) a nd Ashby (1990). Densification is 
modelled by considering mono-size spherica! powders and 
by allowing each pa rtic1e to increase in radius a round fixed 
centers. The co ntinuous increasc in the number of contacts 
per partic1e a nd the growth of the average contact area Îs 
modclled. Results are in agreement with those given by 
Ivl aeno and Ebinuma (1983) on the preponderance of 
power-Iaw creep for the densification of polar firn. 
The work described hcre is ccntered on the simu lat ion of 
firn densification by usi ng the Arzt model. The deformation 
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Table 1. Main characteristics rif the sites studied in Anlarcticl!- and Greenland 
De08 Sile 2 D17 
Mean surface - 19°C -23.3°C - 25.4°C 
temperalure (O C) 
Accumulat ion rate 1.I 0.41 0.25 
(Mgcm-2 a- l) 
Load pressure al 0.035 0.06 0.05 
0.55 Mgcm-3 (MPa ) 
Location 66° 43' S 76°59' N 67"23' S 
113°Ii'E 56°04'W 138°43' E 
References (Ethcridge a nd (La ngway, 1967) This sludy 
Wookey, 1989) 
of particles is assumed to occur by power-law creep with the 
exponent of the flow law equal to three. Numerous density 
profiles a re used to validate the geometrical model of Arzt 
(1982) describing the structural evolution du ring the second 
stage of densificat ion. This study is also focused on the 
analysis of the snow- firn transition. Il is shown that the rela-
tive density Do, corresponding to the transition between 
grain-boundary sliding and power-Iaw creep as the dominant 
densification mechanism, is lower than the experimental 
maximum-packing density ofspheres (Do = 0.64). Structural 
parameters in troduced in this model are calculated from a 
detailed analysis of the two-dimcnsional structure ofthis por-
ous medium obtained by image processing. 
DENSIFICATION OF FIRN BY POWER-LAW CREEP 
Equations for the rate of densification for firn of initial rela-
tive density Do are directly derived from the geometrical 
mode! deve!oped by Arzt (1982). T he densification rate of 
firn is given by: 
with P' = 4rrP 
aZD 
(1) 
where a is the average contact area in unit of R2 (R is the 
initial particJe radius), Pis ta ken equal to the ice-load pres-
sure, P'" is the effective pressure acting on an average con-
tact area and Z is the coordi nation number at the relative 
density D. T he relat ive density (D) is the ratio between the 
sample density and the pure ice density. 
T he driving force due to surface tension is always veryJ 
low compa red to that resulting from the external pressu re 
(Gow, 1968). With a typical radius of pores of 0.1 mm, d{~ 
pressure duc to the'surface tension Îs o f the order of 1 kPa, 
i.e. a very low value compared with the iee pressure. Cal~lI- ) 
lations were done with: 
+ n = 3 (Ebinuma and Maeno, 1987) 
+ A(T) = 7.89 x 10' exp (-QI RT) 
whel·c Q is the activat ion cnergy (Q = 60 ~ mol- I) deduced 
from the densi ficat ion ofbubbly ice (Pimicnta, 1987), Rand 
Tare respeclÎvely the gas constant and the absolute temp-
erature. 
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Byrd /(m200 DomeC Vostok (Bh7) 
- 28°C - 30°C _ -54°C 
-57°C 
0.16 0.21 0.034 0.022 
0.063 0.043 0.109 0.123 
79°59' S 200 km W30'S 78°28'S 
1200 0l'W from Mirny 123°10' E 106°48' E 
(Gow, 1968) This study (Ailey, 1980) ( Barkov.1973) 
Equat ion (1), giving the densification rate of firn as a 
function of the effective pressure, can be written as: 
dD 3 dt = Af(D)P,ff . (2) 
According to the power-law creep mechanism (n = 3) and· 
with the value of the experimental parame ter A(T) 
(Pimienta, 1987), the experimental values of f(D) were de-
dueed from Equation (2) and from the densification profiles 
for several sites in Antarctica a nd Greenl and (cf Table 1). 
Equation (1) was used to obtain the model variations or 
f(D). As shown in Figure l, the experimental profiles 
f(D ) are weil rcproduced by the physical mode! with Do 
varying between 0.53 and 0.61 in the site-tempe rature range 
of ~ 19° to - 57°C. On the other hand, the value of Do is 
always lower than the value corresponding to the maximum 
paeking density. These resul ts wi ll he discussed [urther. 
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taken in riflectcd lightfrom sections tif the v"stok ( Bh?) and Km200 cores. 
STRUCTURE OF FI RN 
Characterization of the structure 
The understanding of the transit ion be twecn snQw and firn 
can be improved by analysing the evolution orthe structure 
ofthis porous material ncar the snow-{irn transition and fo r 
different sites. The parameters necessa ry to test densi fic a-
tion models include the average number oC bonds pel' g rain 
(Z) and the average contact area relative ta the grain-size 
(a). These parame rcrs ca nnat be calculated w ith two-d i-
mensionaI structural ana lysis. Sa, we prefer to work wit h 
the structural pa ramete r: the surface fraction o f the average 
g ra in involved in g ra in bonds (f3). This paramcter is also 
known as the"con tigu it y factor" (Undcrwood) 1970). 
WiLh the model parameters, {3 is given by: 
/3 = Za . 
4rr 
(3a) 
, .vith a two-dimensional structural analysis, the paramete r 
{J is related ta the specifie surface area o f the grai n- po re in-
terrace (Sv(g - pl ) and the specifie su rrace area or the 
grain-gra in inte rrace (S,(g - g) ): 
/3 = 2S,(g - g) 
2S,,(g - g) + S,Cg - p) (3b) 
[n the case o f the grain-grain interface, su rfaces shared by 
t \va g rains are counted twice. 
The technique uscd ta cha racterize the structure ofsnow 
and firn is based on pho tagraphs of the surface of thick 
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sa mples using refl ected Ilght. In order to observe the porc 
structure and grain boundaries, sec tions of around 10 mnl 
arc cut. Samples are then polished uSlng a microtome and 
placed in a plastic shcath a t - 12°C for about 12 hours. Sub-
limation takcs place preferentially in the hlghly disordered 
zones, i.e. at g rain boundaries. Using this technique, obser-
vation in coax ial reOected light shows relief differences on 
the surface of the sampJes, making it possible to see the pores 
and g rain bo undaries. This procedure simultaneously 
allows the determination, with only one image, of the por-
ous network and grain boundaries. Photographs were taken 
with a Leica MZ8 binocular litted with a coaxial episcopic 
light. A similar procedure was reeently used for iee by Nishi-
da and Narita (1996). But, the e tching \Vas obtained by rub-
bing the surface with alcohol. Our technique was tested in 
the lield on non-impregnated sampi es of firn and ice, over a 
range of relative densities from 0.5 to 0.99. In a second step, 
these photog raphs were trealed by image processing to ex-
tract the parameters dcfined abovc. 
RESULTS 
A se t of measuremcnts was made during the wi nter of 1995-
96 at Vostok Station (Antarctica ). Images of samples wcre 
recorded d uringd rilling a 250 ru shallowcore (Bh 7) and also 
from another core stored atVosto k) originating from the Jvfi r-
niy-Vostok traverse at points 200 km from Mirniy (Km200). 
CharacteristÎcs of these t wo sites are given in Table l. 
Fig ure 2 gives the evolution of the structure of firn near 
the snow- firn transition for Bh 7 a nd Km200. Important fca-
tu res of the structure of this porous medium can be observcd 
on these bina ry images. In particular, for low density, aggre-
gales ofiee crystals clearly appear. This is an important point 
related to the snow-lirn transi tion, since this means that a t 
the snow-firn transition (relative density of 0.6) a significant 
surface fraction of g rains is involved in bonds. The evolution 
of the parameter /3 with relative density is given in Figure 3 
for Bh 7 and K m200. The curves taken from the model of 
Arzt (1982) applied to the densification of firn with two 
values of Do (0.53 and 0.57) a re given by comparison. For 
1.00 r---,-,---,-,----,-,----,-'--, 
model with 00=0.57 
0.80 m:xIel with 00=0.53 ... 
• d'Pi 
• & 
6 
0.60 6 "'" 
• ~ 6 
C!::l. 
. !! , 
0.40 ~ , 
, 
0.20 
0.00 l...L:...L--'_-L-'-_L---'----'L---'-_ -' 
0.60 0.70 0.80 0.90 1.00 
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Fig. 3. Fraction qf SUlfoçl area qf average grain involved in 
bond (/3) vs relative densilJl Jo r Lwo sites: ( . ) ft0slok 
( Bh7) and (6.) /(111200. M odel curues wilh Iwo ua/ues of 
Do: ( - - - ) Do = 0.53""" ( - ) Do = 0.57. 
, 
) 
the two sites) mo re than 400/0 of the surface area of g rains is 
involvcd in grain-gra in interfaces at the relative density of 
0.6) whereas the theoretical value must be equal to zero al 
the beginning of the second stage of densification. 
The formation of grai n bonds during the densificat ion of 
snow could result from the structure of snow at deposition or 
a fte r metamorphism in the first few meters of the ice sheets. 
Indeed, snow grains are generally composed ofpoJycrystal_ 
line ice grains and this texture is retained during meta-
morphism (Fuchs, 1959; Sommerfeld and LaChapelle, 1970; 
Arons and Colbeck, 1995). J\nother explanation for the pre-
sence of g rain bonds a t the stage of snow compaction is the 
plastic deformation of particles under the overburden pres-
sure. Both defo rmalÏon and g rain-boundary sliding would 
occur concurrently at the beginn ing of compact ion. Thcre 
will certainly be micro-regions whe"e deform ationless par-
ticle re-arrangement is prevalent but a lso others where con-
tact fla ts are formed by plastic deformation. Then, the 
transition between snow and fi rn corresponds to a change 
in the dominant densification mecha nism. In snow, particle 
re-arrangement by sliding is the dominant densification me-
chanism and power-Iaw creep is the dominant one in firn. 
Obviously, bath mechanisms concurrentJy operate in a reL: 
tive densi ty range close to the transition Do. 
From the validat ion of the Arzt model for firn (Fig. 1), wC' 
have assumed that at Do the particle is not a g rain but an 
aggregate of grains, in order to make the contact area 
between agg regates equal to zero at Do. This is physicalty 
compatible with the occurrence of power-Iaw creep dur ing 
densification of snow, even if this densilication mechanism 
(power. law creep) is not yet dominant. 
Considering densification by plastic deformation COIl-
cerns groups ofcrystals (aggregates) and not one grain, the 
parameter f3a for the aggregate must be equal ta zero at Do. 
S1AJ(g - p) is the specific surface area of the g rain-pore in-
terface at Do; this value also corresponds to the specifie sur-
face area of the aggregate--pore interface. Assuming a 
constant size of the average surface of aggregates, the para-
meter (1 - /3a) which represenrs the fraction of free-surface 
area of average aggregate, is given by: 
(l -{Ja) = Su(g-p) 
S,o(g - p) 
This parame ter has becn de termined by image processingon 
Bh 7 and Km200 cores. !ts evolution with relative density is 
given in Figure 4 with that obtained by assuming there is no 
aggregate. These st ructural data are compared with modcl 
cur ves. The results given in Figure 4 appear to becompat ib1e 
with a description of the firn as a g roup ofagg regates. 
DISCUSSION 
Variation of Do with telIlperature 
The rela tive densi ty Do appears to correspond ta the tran~ 
ition between densificatio n by g ra in-boundary s l idi n~ an 
densification by power-law creep as a dominant densJfica-
. h ' Th fi . N . n whercas tlon mec allism. e Irst process t S ewtollla, . 
d . fi . 1 . 1 de" . tecl WII h " cnSI lcatlon )y part lc e elQrmaUon IS aSSOCia . 
Oow-Iaw expone nt equalto 3 (Pimienta, 1987). Densificat l ~1 1 
of snow by grain-boundar y sliding has been mod~Jled : 
'fi t on al. Alley (1987). The mode! yields a good fit to dens l Ica 1 .' 1 
. 1 d crcasc Il 
and it aCCOLln lS for the increase o f the Joad Wlt lac cr-
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Fig. 4. Fraction of free-surface area of grain (open symbol) 
and aggregale ( solid symbol) vs relative density for Iwo sites: 
(0 and . ) Vostok ( Eh7) and 6 and J.. ) Km200. M odel 
curves with two values of Do: Do = 0.53 for J1Jstok and 
Do = 0.57 Jor Km200. 
ature, the compelition between slid ing and grain defarma-
tion must be assessed. With regard ta the efTect of the pres-
sure, the power-Iaw creep should preva il at a lower density 
in cold sites. From Table l, the load in the transition zone is 
about thrce times higher at -57°C than at - 20oG The stra in-
rate increase induced by this var iat ion ofload is respectively 
3 for sliding and 27 for particlc dcfarmation. This effcct is 
ryrobably at the origin of the decrease of Do with site temp-
..;rature. But, it is also necessary to takc into account the var-
iation of the ice viscosity with temperature. The activation 
energy for the grain-boundary viscosity is about 42 kJ mol-
1 (Ailey, 1987). Il is about 60 I;J mol- I for the power-Iaw 
creep_ The variation of the activation energy with the densi-
fication process therefoié partiall y counteracts the dfect of 
the load. lndeed, from - 20° to - 57°C, the strain rate is 
divided by about 15 for slidi ng and by 45 for the power-law 
creep. By taking into account both the efTect of the load and 
the effect oflemperature, the strain rate associated wi th the 
non-linear densification process decreases by a facto r of 1.5 
with a decrease oftemperature from -20° to - 57°C, whereas 
the strain rate associated with sliding decreases by a factor of 
5. So, in the colder site, the powcr-Iaw creep process becomes 
the dominant densification mechanism at lowerdensity. The 
fin al effect is a decrease with tempcrature orthe relat ive den-
sity Do , corresponding to the transition belween snow and 
firn, as indicated by cx perimcnlal data (Fig. 1). 
R e lation b etween Do and the firn struc ture 
ft was shown abovc lhat the dcnsily al lhe end of the {irst 
( 
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Fig. 5. Specifie surface area of the grain- pore interface vs re-
lative densi!y Jor two sites: ( . ) Vostok (Bh?) and ( 6 ) 
Km200. 
densification stage, i.e. at the end of grain-boundary sliding 
as a dominant densification mcchanism, was taking the low-
est value in the coldes t sites. Figure 5 shows that the specifie 
surface area of the solid- pore interface Sv(s/p) at a relative 
density close to Do is lower at Bh 7 than Km200. These data 
show that, at a given density, the pores a re bigger in cold 
sites. These results a re in accordance with a worse re-arran-
gement of grains in the coldest sites at the end of the first 
stage. So, a low value of Do appears to correspond {Q a rela-
tively coarse porc structure. 
CONCLUSION 
The density profiles of PQlar {irn have been reproduced by a 
geometrical model developed for the densification of an ir-
regula r packing of mono-size spheres. The transformation 
of snow to firn is defined as the transition between grain-
boundary sliding and power-Iaw creep as a dominant densi-
fication process. The relative density at the transition Do is 
lower than the value corresponding to the dense packing of 
spheres and decreases with temperature. Contact Oats 
between grains a re fo rmed in snow by plastic deformation, 
whereas sliding is the dominant densification mechanism. 
Variations of Do with temperature are shown to be related 
to var iations in the load between sites for a given density. 
The characterization of the structure of snow and firn by 
photographs in coaxial renected light of thick samples and 
im age processing is essential to bear out assumptions made 
on densi fication models a nd the definition of the snow- firn 
tra nsition. 
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Annexe D : Caractéristiques climatiques et localisation des sites étudiés. 
AnnexeD: 
Caractéristiques climatiques et localisation des sites ktudiés [-
Sites Vostok (Bh7) D~meC Km 105 Km200 
, 
Température moyenne -55.5 ou -57 -53 -24 -30 
annuelle (oC) 
Accumulation 22 36 360 207 
(kg/m2/an) 
Pression 632 655 847 782 
atmosphérique 
(mbar) 
Localisation 78°28'S 74°39'S 105 km de 200 km de 
106°48' E 124°1'E Mimyen Mimyen 
direction de direction de 
Vostok Vostok 
Altitude 3471 3240 1302 1906 
(m) 
Référence Bamola et al. Gow 1968 Martinerie et al. Martinerie et al. 
1991 1994 1994 
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